Multispectral imaging systems and techniques have become powerful tools for the rapid measurement of high-spatial-resolution spectral images. Liquid crystal tunable filters (LCTF) attached to a monochrome CCD camera are being widely used as spectral analysis systems in different applications, particularly in colour imaging. Among these applications is the measurement of the spectral radiance profile of inhomogeneous sources. In such a system, uncertainty and resolution of the effective spectral distribution of the source mainly depend on that of the system's responsivity as well as on that of the LCTF bandpass function. In the present work, the bandpass function of a liquid crystal tunable filter has been determined, using both the indirect method and the direct one. It has been demonstrated that the results yielded by either method are not equivalent, which implies that, when the bandpass function needs to be known with low uncertainty, this curve has to be measured by means of the direct method. Not only does the indirect method yield an erroneous bandpass function, but it also provides a different relation between the band's central wavelength and the nominal wavelength. The effective radiance values that are obtained based on the direct method's bandpass function can be up to 5% higher or 4% lower than those obtained from the indirect method's bandpass function. The spectral variation of this discrepancy is oscillating, showing a higher amplitude for the lower wavelengths. This fact can make the measurement errors to be rather large for those radiation sources having narrow spectral distributions, such as lasers or LEDs.
Introduction
The use of liquid crystal tunable filters (LCTF) to enable monochrome cameras having 2D matrix detectors (CCD or CMOS) to perform spectral analysis has spread to various fields, since it is a fast, accurate and flexible technique to perform multispectral analysis of images [1] [2] [3] [4] [5] [6] .
Among these applications is the measurement of the spectral radiance profile of inhomogeneous sources. At the Applied Physics Institute's Metrology Department (Departamento de Metrología del Instituto de Física Aplicada del CSIC), an spectroradiometer is being developed for the lowuncertainty two-dimensional (2D) analysis of inhomogeneous primary sources. This device is based on a CCD camera fitted with a wavelength-tunable liquid crystal spectral filter. The uncertainty sources of this measuring instrument originate both from the CCD camera [7] [8] [9] as well as from the spectral analysis system.
When a spectroradiometer such as the one described above is used to measure the spectral radiance profile, the effective value of this magnitude in each pixel's collection area, and within the spectral range demarcated by the device's bandpass function, is given by
where S(x, y, λ, λ 0 ) is the response of the pixel located at (x, y) for a wavelength λ 0 with a bandwidth λ, τ (λ 0 , λ) is the tunable filter's spectral transmittance function (the socalled bandpass function) for a wavelength λ 0 and R(x, y, λ) is the camera's spectral radiance responsivity, assuming the tunable filter's surface shows an uniform transmittance distribution. Therefore, in the present scenario, in order to determine L λ it is required to know both the CCD's spectral responsivity curve as well as the liquid crystal filter's bandpass function. A technique has already been implemented in our laboratory that allows us to establish the CCD camera's spectral responsivity curve [10] ; hence, and given that the filter's transmittance function provided by the manufacturer does not have sufficient resolution, this curve remains to be determined in the laboratory setting. This spectral bandpass function can be obtained experimentally by means of either of the following two methods: (i) the direct method, which yields directly the instrument's spectral bandpass function, although it requires it to be irradiated with a tunable monochromatic spectral source (e.g. by means of a spectrometer or a tunable laser), and (ii) the indirect method, in which, in essence, the instrument is irradiated with a monochromatic source having a fixed wavelength. In this case it is the filter's tuned (selected) wavelength that is scanned, which allows us to record the instrument's response. Even though this second method does not directly yield the system's spectral bandpass function, it allows it to be deduced, assuming that the instrument's relative transmittance, when irradiated with a wavelength λ 0 and tuned to a wavelength λ 1 , is the same as when it is tuned to λ 0 and irradiated with λ 1 . Few laboratories have the necessary equipment to implement the direct method, which is why most applications resort to the indirect one.
Considering how liquid crystal tunable filters work (a different configuration, for each tuned wavelength, is adopted by the filter) the reciprocity hypothesis stated above is not expected to be completely true, which implies that the two methods may not be fully equivalent. In the present work, the LCTF's spectral bandpass function has been estimated in parallel using both methods mentioned above. By drawing a comparison between the results yielded by either method, it was possible to estimate the impact of that difference upon the determination of both the effective spectral radiance, as well as other related colorimetric magnitudes.
Experimental determination of the bandpass function parameters
The LCTF used for the purposes of each stage has two polarizers, one at the input and the other at the output. Between them there is a fixed birefringent element that retards the linearly polarized radiation selecting the output wavelength of the stage. The LCTF adds next to the fixed retarder a liquid crystal variable retarder, whose retardation may be electronically chosen, providing spectral tuning ability [11] . The transmittance of the filter is the product of the transmittances of the individual stages. Maximum optical input is limited to 500 mW cm −2 . For both methods (direct and indirect) the measurement of the bandpass function has been performed with a double-beam spectrophotometer manufactured by Perkin Elmer (model Lambda 900). It features a bandwidth of 0.5 nm and the polarization of the incident beam can be adjusted at the filter. This instrument's wavelength uncertainty is ±0.08 nm. The LCTF is then placed in the spectrophotometer's sample holder. The sampling compartment ambient temperature is controlled to ±1
• C which, considering filter specifications, allow us to assume negligible wavelength error because of temperature changes. Nevertheless temperature has been tested at different scans, and wavelength variations below the stated uncertainty have been recorded. In the direct method, a fixed transmission wavelength is set for the LCTF while scanning the incident wavelength across the wavelength range demarcated by the pass band. The corresponding filter transmittance is then recorded.
In the indirect method, the spectrophotometer's incident wavelength is kept constant (invariable) and the LCTF is tuned to various wavelengths (the same wavelength set assessed with the direct method).
For each one of them, the spectrophotometer's signal is recorded.
These measurements covered the whole of the LCTF's useful wavelength range (400-720 nm, in steps of 10 nm). Figures 1 and 2 show the results yielded by the direct method and by the indirect method, respectively. For the sake of clarity, only a subset of data points, corresponding to some particular wavelengths, have been plotted.
As can be concluded from the two transmittance plots, the results yielded by both methods are mostly equivalent, except for two bands in the indirect-method curve (the ones centred at 530 nm and 700 nm, respectively, and highlighted in figure 2 ) that show some sort of distortions-seemingly discontinuities-not found in the direct-method plot. In fact, these discontinuities are present at some more wavelengths. This behaviour can be explained by the LCTF's operating mode. The electronic controller applies a given voltage to the liquid crystal cells to select the pass band; this is achieved by changing the molecules' orientation, which is induced by the electric field. That is why the filter has a different configuration for each tuned wavelength. For each configuration the corresponding bandwidth changes, and so does the transmittance distribution. This implies that, when performing indirect measurements, a given response function represents the superposition of several 'filters' (one for each tuned wavelength) having different bandwidths and different transmittance profiles, which results in the alterations described above. Consequently, the parameters that define the bandpass function (i.e. the central wavelength, the bandwidth and the peak transmittance) will differ, depending on the calibration method used. In order to assess the differences between the bandpass functions yielded by either method, we have calculated their characteristic parameters: the bandwidth and the central wavelength, λ c , where the bandwidth has been determined as the full width at half-maximum (FWHM) of the normalized spectral response function, and the central wavelength has been defined as that corresponding to the centre of the bandwidth. Figure 3 represents the difference (λ c − λ t ) in terms of the wavelength to which the filter was tuned, λ t . It can be observed that the two methods do not match up except in a narrow spectral interval in the vicinity of 650 nm. It can also be seen that, in both cases, the difference (λ c − λ t ) oscillates around a central value. In view of these results, it can be said that it is important to be aware of which calibration method was used to determine the instrument's λ t value; in this sense, a correction procedure should be applied accordingly if an indirect method was employed. The standard deviation of the measurements is ±0.13 nm. Figure 4 depicts the relationship between the bandwidth obtained with each method (calculated by applying the FWHM criterion) and the nominal wavelength to which the filter was tuned (λ t ). As can be observed, the results are very similar; with both methods the FWHM bandwidth increases linearly with λ t and in approximately the same manner (similar slope).
On the other hand, if we plot the quotient between the FWHM of the transmission curve and the filter's nominal wavelength λ t (namely, what we call the wavenumber) versus λ t (see figure 5) , both methods reveal an increasing trend [12] . This trend cannot be explained by making use of simple theoretical models since, in contrast, they predict that this magnitude should remain constant. Figure 6 represents the transmittance for the central wavelength, as measured with either method, in terms of the tuned wavelength (λ t ). As can be derived from the plot, this relationship shows some local maxima and minima along the spectral range.
In view of the results described above, it can be concluded that the direct method and the indirect method cannot be considered to be equivalent when it comes to determining the bandpass function of LCTFs. Thus, and bearing in mind that this device is to be employed for the low-uncertainty determination of the spectral distribution of the radiance, this bandpass function will have to be modelled in such a way that, taking the experimental results as the starting point, the function may be obtained for any wavelength within the FSR. This will permit us to estimate how the resulting radiance or other related magnitudes (such as the colour coordinates or the correlated colour temperature) differ when employing either method.
LCTF's spectral bandpass function
According to what has been published by other authors [13] , the LCTF's transmission curve, when the filter is tuned to the nominal wavelength λ t , can be modelled by a Gaussian function with height equal to the transmittance value for the central wavelength (λ c ), and whose standard deviation is given by FWHM/ 2.3556. Figure 7 shows the goodness of fit of our experimental results (for λ t = 640 nm) to such a Gaussian function; similar results are obtained when tuning to other wavelengths.
Since we only have experimental datasets corresponding to tuning wavelengths that are 10 nm apart, in order to obtain the real bandpass function along the LCTF's whole useful wavelength range with a resolution of 1 nm (as recommended for colour coordinate calculation, for instance), we need to obtain the same characteristic parameters (FWHM and transmittance at λ c ) but in steps of 1 nm of the tuning wavelength. Due to the simple dependence of FWHM with λ t (see figure 4) , it is not complicated to interpolate these data. However, as mentioned before, the filter's spectral transmittance plot contains local maxima and minima (see figure 6 ), which implies that its interpolation is not so straightforward. For this reason, and making use of the same spectrophotometer, we decided to measure the transmittance at λ c , although this time in steps of 1 nm, with the results plotted in figure 8 . Combining these data with the values obtained by linear interpolation of the FWHM curve, the bandpass function can be generated for each tuning wavelength with a resolution of 1 nm, which finally leads to the LCTF's real bandpass function corresponding to the direct method: τ direct (λ) (see figure 9 ). From this 'direct' bandpass function, the indirect τ indirect function has been simulated, by combining each indirect transmission curve (associated with a given incident wavelength) with the transmittance values that the direct curves show at that particular wavelength.
Error in the determination of a source's spectral radiance and of its colour coordinates due to the bandpass function's calibration method
The effective spectral radiance of a given source, as measured with a spectroradiometer, is given by equation (1) . On the other hand, as shown above, the spectral bandpass function computed for an LCTF differs, depending on the measuring method employed (direct or indirect). Consequently, the estimated value of the effective radiance will depend on the method employed to establish that function, whereas the difference between the effective values obtained with either method will depend specifically on the source's spectral distribution. Also, the differences in estimated radiance for the sources under study lead to different colour coordinates and to a different correlated colour temperature. To assess the impact of these differences, we have calculated the colour coordinates of various sources; namely, illuminants A and D65 and CIE fluorescent illuminant F12, as well as several widely used radiation sources such as a metal halide lamp, a mercury discharge lamp and high-and low-pressure sodium lamps, whose spectral distributions have been measured in our facilities and are shown in figures 10 and 11. Moreover, their correlated colour temperature values have been computed using CIE's method [14] . These values have been calculated based on the radiance estimate that would be obtained for these illuminants in the hypothetical case of the bandpass function being known (both through the direct method as well as through the indirect one).
To perform these radiance estimates, the first step entails calculating the effective spectral radiance at a wavelength λ 0 , according to equation (1) . For this purpose, the signal S(x, y, λ 0 , λ) that would be recorded on the detector has been simulated for each of the sources under study. The spectral distribution of the known radiation source, L(λ), was then convolved with the LCTF's bandpass function obtained by means of the direct method, τ direct , and with the detector's spectral responsivity function, R(x, y, λ). Regarding the spectral responsivity function, we have used the value corresponding to an interline CCD that had been previously calibrated in our laboratory [10] . For the purposes of this work, it has been assumed that all the pixels show the same spectral responsivity, since the inter-pixel variation was beyond the scope of this study. Next, the two effective values were computed by means of equations (2) and (3), respectively. It should be noted that these two values only differ in the method employed to determine the bandpass function: Figure 12 shows the quotient between these effective values (L direct to L indirect ratio) across the spectrum range of interest.
All the sources under analysis showed a similar behaviour; that is, the L direct -to-L indirect -ratio curve is independent of the source's spectral distribution, which suggests that it only depends on the pattern of discontinuities of the maximum spectral transmittance. As can be seen in this figure, the effective values obtained by simulating a filter's calibration performed with the indirect method are up to 5% higher and up to 4% lower than those obtained by simulating the direct method to reproduce the source's spectral distribution. Nonetheless, most of the discrepancies remain within the ±2% interval. It can also be observed that these differences are higher for shorter wavelengths. Therefore, this fact suggests that the measurement of narrow-band sources, such as LEDs or fluorescent lamps, can lead to significant miscalculations if the bandpass function is not determined using the correct approach. It has to be emphasized that this comparison was performed using the shortest wavelength step size for which data were available; that is, ratio values were computed at steps of one nanometre.
On the other hand, we can also calculate the effective radiance curve in a similar manner, but taking as the starting point the FWHM and the peak transmittance provided by the manufacturer, who does not usually disclose the method employed to measure these parameters. By applying the same interpolation procedure to have datasets in steps of 1 nm, we can obtain the quotient between this new effective value L interp and L direct . Even though this L interp -to-L direct ratio function varies across the spectrum in a similar way as above, it also reveals greater differences between L interp and L direct , reaching a maximum value of ±10% (as opposed to ±5% for the L direct to L indirect comparison), which again endorses the idea that the filter needs to be calibrated following the direct method and with sufficient resolution.
Taking the spectral radiance values estimated by means of the two methods (direct and indirect) as the starting point, we calculated the colour coordinates (x, y) corresponding to a CIE 1931 observer abridged to the 475-683 nm wavelength range, as shown in figure 12 . The difference between the (x, y) colour coordinate values derived from the bandpass function determined by the direct method and the (x, y) values derived from the bandpass function determined by the indirect method are summarized in table 1. This table also shows (see the right column) the resulting difference in correlated colour temperature (CCT) that would be obtained from the chromatic coordinates previously calculated (and shown in the first two columns). It has to be emphasized that neither the chromatic coordinates nor the resulting CCT are the correct ones, since this calculation does not include the full spectral range recommended by the CIE. Nevertheless, it is expected that the difference between the two methods (direct and indirect) will not depend on the systematic error that is included in both.
As can be concluded from the table, for all these illuminants the (x, y) coordinates corresponding to L indirect are always lower than those derived from L direct values, whereas the correlated colour temperatures obtained from the L indirect distributions are higher than the ones derived from the L indirect distributions. However, it has to be highlighted that the impact of the bandpass function's calibration method is lower or, at worst, comparable to the uncertainty usually associated with these values [15, 16] .
Conclusions
In the present work, the bandpass function of a liquid crystal tunable filter has been determined using both the indirect method and the direct one. It has been demonstrated that the results yielded by either method are not equivalent, which implies that, when the bandpass function needs to be known with low uncertainty, this curve has to be measured by means of the direct method. Not only does the indirect method yield an erroneous bandpass function, but it also provides different values for the ratio between the band's central wavelength and the nominal wavelength.
The effective radiance values that are obtained based on the direct method's bandpass function can be up to 5% higher or 4% lower than those obtained from the indirect method's bandpass function. The spectral variation of this discrepancy is oscillating, showing a higher amplitude for the lower wavelengths. This fact can make the measurement errors to be rather large for those radiation sources having narrow spectral distributions, such as lasers or LEDs.
The ratios between effective values L direct /L indirect and L direct /L interpolation across the spectral range of interest have been found to be independent of the source's spectral distribution; that is, they depend only on the variation of the relationship (transmittance-to-filter's bandwidth) across the spectrum.
Due to the oscillating nature of the difference between effective radiance values produced by the two methods, for illuminants A and D65, the CIE fluorescent illuminant F12, as well as other radiation sources measured in our laboratories (a metal halide lamp, a mercury discharge lamp, and highand low-pressure sodium lamps) the differences between the colour coordinates derived from L indirect and those derived from L direct are lower than the associated intrinsic experimental uncertainty. That is, it can be concluded that the bandpass function's calibration method does not have a significant impact on the outcome when it comes to calculating the colour coordinates and correlated colour temperature of a wide-spectrum illuminant.
